This paper presents control and analysis of a split-phase induction motor (SPIM) to drive a centrifugal pumping system. An optimized proportional-integral and derivative (PID) controller, that is capable with a vector closed-loop split-phase induction motor control, is presented and its simulation results are discussed. The fine-tuning procedure is employed for fuzzy PID (FPID) controller parameters in order to sustain the motor speed at the predefined reference values. To assess the performance of the competitive controllers, conventional PID (CPID) and FPID, four operational indices for are suggested for measure the capability of the two controllers. These indices involve individual steady state error (ISSE) for each operating period, total steady state error (TSSE) for overall loading cycle, Individual oscillation index (IOI) and Total oscillation index (TOI), in order to measure the capability of the FPID compared with CPID. The performance of the SPIM accomplished with these performance indices is checked and tested on high and low speed levels. Pulse width modulation (PWM) based simulation studies were employed for SPIM using MATLAB/SIMULINK software. The results show that the overall performance of the SPIM operated with vector control that is tuned by FPID is enhanced compared with CPID.
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Introduction
The single-phase induction motor is better than polyphase motor especially in small power applications. Splitphase induction motor (SPIM) is rugged, very simple in its structure, and inherently appropriate for split-phase power supplies. The SPIM are used in several commercial and domestic applications like air conditioning fans, blowers, centrifugal pumps, washing machine, grinder, household appliances and lathes [1, 2] . The new features and opportunities of this motor type have not been heavily researched due to its low rated power and rather limited industrial applications [1] .
The construction of SPIM has main and auxiliary phases. Different speed control methods for variable speed operation of split-phase induction motor have already been created. The commonly employed speed control technique is the stator voltage/frequency control, where the motor terminal voltage and frequency are varied to obtain wide speed operation [3] . The overheating problem of the main winding at low speed drawback of application of variable speed methods for SPIM is. In the other side, this method is more suited for SPIM with high rotor resistance. Previously to control the IM operation, number of control methods were developed for this target such as vector control method, V/F control and magnetic flux controller [4] .
The development of artificial intelligence control techniques and their applications in different engineering areas has changed dramatically especially with the integration of fuzzy logic. In the last few decades, it was noticed the capability of fuzzy logic to overcome conventional controllers' challenges for increased systems complexity. In [5] , fuzzy and ANFIS controllers were presented to control the interconnected combined cycle gas turbine. While in [6] [7] [8] [9] [10] , the fuzzy logic was developed for solving power systems problems as for finding the preventive emergency reactive power solution in [6] to control the operation switched reluctance machine [7] , fuzzy controller of power system stabilizer to achieve acceptable levels of damped power system oscillations [8] , employing speed control of the sensorless BLDC Motor Drive [9] . In [10] , a fuzzy based framework was presented to find the optimal monitoring scheme using phasor measurement units in power systems.
The usage of fuzzy logic associated with CPID controller in [11] with an optimized controller's parameters. In [12] , the FPID controller was employed for dual axis turntable servo system. Improved FPID controller is design using predictive functional control structure [13] . Simulation and control of a complex nonlinear dynamic behaviour of multi-stage evaporator using CPID and FPID controllers is presented in [14] . Tunned coefficients PI controller was applied on induction motor using hybrid algorithm that combines the merits of genetic and fuzzy logic for V/f controller [15] . The scheduling of the CPID parameters was enhanced by fuzzy-logic to get the optimal system performance [16] [17] [18] .
The Fuzzy logic based maximum torque control for a split-phase induction motor was presented in [19, 20] . Sensorless fuzzy speed control for split phase induction motors was presented in [21] [22] [23] [24] . Hybrid neural-fuzzy control of the split-phase induction machine is given in [25] . High performance vector control of split phase induction motor was presented [26] . Hybrid FPID controller was presented to control speed of AC induction motor in [27] and [28] . In [29] , the fuzzy logic was developed for speed control of single-phase induction motor. The main points of this paper are:
• Deriving the mathematical models of SPIM • Providing the analytical study of the dq-equivalent circuit of SPIM.
• Providing a fuzzy based closed loop control system for controlling the speed at high and low speed levels.
• Suggesting four operational indices, Individual steady state error, Total steady state error, Individual oscillation index, and Total oscillation index, in order to measure the capability of the FPID compared with CPID.
• The suggested indices are applied for motor speed, input current and the controller rise time.
• The proposed controller is tested for starting, peak, shoulder, accelerated speed at reduced torques loading conditions for the cycle of operation.
2 Modelling and analysis of SPIM and its inverter
Single phase inverter
To produce a variable sinusoidal wave form, the vector control and single-phase inverter are used to control the speed of the SPIM. Figure 1 presents the typical configuration of the single-phase inverter.
Driving equations of the modified single-phase inverter
According to Kirchhoff voltage law (KVL), the driving equations to provide accurate analysis of voltage equations are presented as
Adding (1) and (2) leads to the common voltage
d-q model of SPIM
In order to alleviate the time-change effects of inductances on the terminal voltage, the SPIM windings of stator and rotor sides are represented in Fig. 2 , and the dq-axis reference frame which is a stationary reference farm [33] . The SPIM sinusoidal voltages can be expressed as [31] The voltage components in the dq-axes decomposition can be reformulated as
In q-axis, the flux and current components of the stator and rotor are represented as in (8)- (11) 
While, the flux and current components are presented as
where a = T m /T a . The motor torque and speed components are expressed as follows
3 Proposed design procedure of fuzzy controller of SPIM Figure 3 shows the proposed controller block diagram of the SPIM. The proposed controller aims to achieve reliable operation of the SPIM. As the vector control method has salient features as its simplicity and good accuracy of the estimated motor speed [18] , the proposed controller involves the vector control method as shown in Figure 3 . The main aim is to manage flux and stator current. The deviation between reference and measured speed
is passed through FPID speed controller to produce a reference electrical torque
The reference direct and quadrature currents are
The flux angle can be calculated from
The values of I * ds1 and I * qs1 are employed to obtain i * qs , i * ds
These phase currents (i * qs , i * ds ) are compared with the captured phase currents (i qs , i ds ) and the error signal is passed through hysteresis-band controller to generate switching pulses for voltage source inverter (VSI).
Design of closed-loop control system
To enhance the system performance, a closed-loop vector control was introduced. The deviation between the measured and reference speeds is defined as the error signal. The magnitude of error signal and its sign can be calculated from (19) . Based on this error, the PID controller corrects the motor frequency deviation to recompense this error. The design of PID controller is required in order to determine the three coefficients:
where, T i and T d are the integral and derivative time constants.
In the proposed FPID controller, the fuzzy system controls the PID parameters which are considered as the primary controller. In this regard, two signals, speed error and its change of error, are considered as the input variables to the fuzzy system while the output variables are the tunned PID coefficients (K p , K d , K i ). The tuned PID parameters are employed to control the inverter input signal as shown in Fig. 4 . The K 
where K p min n and K p max are the minimum and maximum limits of K p coefficient.
where K d min and K d max are the minimum and maximum limits of K d coefficient.
The integral time constant (T i ) by
Then, integral coefficient K i is computed from
The tunned FPID coefficients are updated
4 Application
Simulated cases
The capability of the proposed fuzzy based speed controller is proven via the MATLAB/Simulink by adopting the modelling of the SPIM-pumping system via two studied cases. The first case (Case 1) emulates the operation at high speed, (1480 rpm) while the second operation case (Case 2) emulates the operation at low speed, (800 rpm). Figure 4 shows the procedure of tuning various FPID parameters to obtain the healthy control indicator. The input variables are modeled in the fuzzed using 7 overlapped triangular fuzzy memberships as in Fig. 5 . Similarly, the fuzzification process is employed for output variables as in Figs. 6 and 7. The boundaries of all the output (K p , K d ) are chosen as revealed in Fig. 6 . The fuzzy modeling of coefficient which is demonstrated by using 4 fuzzy sets as shown in Fig. 7 .
Tunning of fuzzy PID controller
Each fuzzy input/output variable has degree of membership (µn the range [0, 1]). The fuzzy inference system is implemented for the input and output variables with the aid of fuzzy rules defined in Table 1 .
Sequential operation of SPIM
For the two conditions studied cases and CPID and FPID controllers, the sequential operation of a load cycle that is applied on SPIM, as shown in Fig. 8 , are described as follows: Period 1: in this mode the motor is operated at no load (T L = 0 Nm) This mode represents the starting mode that the motor starts from standstill speed until the rated speed. In this case the period is 0.5 min. Period 2: Peak loading condition: in this operation mode the motor is operated at nominal rated torque (T L = 3) Nm for a period of 0.7 min (1.2 min from starting instant). Period 3: in this operation mode the motor is operated at 0.5 rated torque (T L = 1) Nm from 1.2 min to 1.8 min from starting instant.
Period 4: shoulder loading condition in this operation mode the motor is operated at (T L = 2) Nm from 1.8 min to 2.5 min. Period 5: accelerated operating mode: this mode represents the transition from shoulder loading condition to peak loading condition within a period of 0.5 min. The split phase induction motor parameters are presented in Table 2 . Table 2 . Tested SPIM parameters extracted from [30] 
Proposed evaluation indices
To assess the performance of the FPID compared with CPID, four operational indices are considered for each of motor speed, input current and the controller rise time:
• Individual steady state error (ISSE): This index measures the deviation between the actual values of (speed/current/rise time) compared with their related the steady state values for specific period of the operation cycle
• Total steady state error (TSSE): This index measures the total deviation between the actual values of (speed/current/rise time) compared with their related steady state values for the operation cycle.
• Individual oscillation index (IOI): This index measures the oscillation between the actual values of the rise time compared with their related the steady values for specific period of the operation cycle.
• Total oscillation index (TOI): This index measures the total oscillation of the rise time for the overall cycle.
• Total oscillation index (TOI): This index measures the total oscillation of the rise time for the overall cycle. The previous indices reflect the capability of the FPID against CPID controllers in terms of enhancing the speed and current signals and the fast response of these controllers for certain period of operation or for the overall operation cycle. Figure 9 shows the CPID and FPID controllers speed variation. The estimation strategy is able to identify the accurate operation characteristics of the motor. In terms of two important indices called the rise time and steady state error, the proposed FPID controller has better performance. Figure 8 shows the five operation periods variation of load torque. It was cleared the FPID reaches the final speed rapidly compared with CPID. Figure 10 represents the main (I m ) and auxiliary (I A ) currents waveform vstime characteristics for the considered operation periods. In Figure 11 , it was noticed a rapidly increase of the stator current in first period up to the highest current occurred at the starting instant. Then, the current was reduced to its rated value in 2-nd operating period. Figure 12 shows the quadrature to direct axis flux in five periods. According to Table 3 , the proposed FPID controller has more profited indices when it was assessed compared with CPID controller for Case 1.
Simulation results

1) Results of case 1: High speed
• The individual indices of the FPID controller in periods 1-5, have low levels compared with those obtained with CPID controller.
• The TSSE is reduced from 211.62 rpm to 194.1 rpm for the speed signals.
• A reduction in the total current in the total cycle from 6.3 A to 5.5 A by 13 %.
• The resulted rise time of FPID controller is reduced to 40 % compared with CPID controller. 2) Results of case 2: Low speed Figure 14 shows the speed variation for CPID and FPID controllers. The estimation procedure effectiveness to identify the motor operation is cleared. Accordingly, in terms of the rise time and steady state error, the proposed FPID controller has better performance compared with the CPID controller. Figure 15 shows the current characteristics of both controllers. Figure 16 shows that K p is following with speed variation as follows, it is varied from 1.975 to 2 in order to reduce the time taken to ratch final speed values, K i is • The individual speed overshot and the corresponding steady state error are reduced by using the FPID controller for period 1-5.
• The TSSE is reduced from 233.77 rpm to 227.25 rpm for the speed signals.
• The resulted rise time of FPID controller is reduced to 70 % compared with CPID controller.
• The current of FPID is improved compared with that of the CPID controller for the studied cases 5.59 A to 3.45 A by a reduction by 38 % then enhancing motor performance by reducing the power losses to 38 % of that of the CPID. Table 5 shows a comparison of the proposed indices of FPID with those reported experimental results in [30] . It was cleared that the proposed FPID controller leads to enhanced performance for the three loading conditions. It has the lowest slip levels compared with CPID controller and the uncontrolled case extracted from [30] . 
Conclusions
This paper has been discussed the implementation and analysis study of the split-phase IM. The PID coefficients are tuned using fuzzy-based tuning scheme to withstand the SPIM speed at the predefined reference values. The PID controllers have been combined with a vector closedloop controller for split-phase IM. The main features of the current paper can be summarized as follow:
• Providing the mathematical models of SPIM with analytical study of the dq-equivalent circuit of SPIM.
• Providing a fuzzy based closed loop control system for controlling the speed at high and low speed levels. The proposed FPID controller compared with CPID are enhancing the overall performance at acceptable levels of speed overshot, low current and low-rise time for low and high-speed operating conditions.
• The proposed fuzzy controller is assessed by four operational indices, Individual steady state error, total steady state error, individual oscillation index, and total oscillation index. The lowest levels of the previous indices prove the capability of the FPID compared with CPID.
• Also, the FPID controller has the best performance for different loading conditions.
The directions for further research involve the application of fuzzy controller for polyphase machines and developing genetic, particle swarm, sine cosine optimization for tuning the membership degrees. Merging the neural network to the fuzzy logic to achieve fine tuning based on advanced learning schemes.
